Advances in ground penetrating radar imaging with multi-channel systems have greatly improved the speed and areal coverage of the ground. Along with improved imaging software, datasets recorded with multi-channel systems can be processed at similar speeds to coarsely spaced single channel data that would normally require additional time for interpolation processes to fill in the gaps between lines. With the cross-line spacing approaching a 1/4 wavelength of the transmitted microwaves into the ground, multi-channel systems have the advantage of complete coverage of a site with no need for interpolation in most cases except to fill in the gaps between adjacent tracks if so desired. Multi-channel systems do require additional RSP (radagram signal processes) in order to balance the channels and to condition the data prior to imaging. Spectral whitening and several other RSP methods are shown with their application to imaging of sites from bridge decks for deterioration to the discovery of subsurface archaeological remains. Data processed from several different multi-channel GPR systems are shown.
Introduction
The advantages of multi-channel systems are that the full-resolution of GPR recording on the ground can be adequately handled by systems in which the antenna channel separation approaches distances less than the transmitted wavelength of central antenna frequency (Grasmueck et al., 2004; Novo et al., 2008) . These design characteristics have been accomplished by many of the current GPR manufacturers of multi-channel systems. Even though the first introductions of multi-channel GPR systems dates back more than 15 years (Warhus et al., 1993) , the complete acceptance of multi-channel recording was limited by the quality of the data and complex data processing (Francese et al., 2009) . Wildly different frequency responses of the multi-channel antenna prevented useful amalgamation of the individual profiles into useful images. However, in the last few years, most of the multi-channel manufacturers have provided GPR systems where the antenna responses of the individual elements are much closer (Linford et al., 2010; Trinks et al., 2010; Simi et al., 2010) . Typical radargram signal processes (RSP) can be applied to the antenna channel radargrams to compensate for small differences in the frequency responses and can make signal balancing between the different elements reasonably close enough for image construction. In addition, because the density of lines provided by the multichannel recording is high enough, the necessity to interpolate between the channels is less important (although it remains an option). Initial densities within the 3D volume can be configured to roughly match the in-line spacing, or to propagate the volume grid cell sizes to densities higher than recorded in-line space. In the case when higher densities merited by the in-line spacing are desired, gap filling between empty binary cells can be applied using a simple nearest neighbor averaging or a weighted average. Differential gap filling in which searches parallel to the in-line direction can also be applied optionally. Before 3D volume compilation is the done, the radargrams must go through a variety of RSP.
The typical RSP required to balance the individual channel antenna are:
In our DC drift removal a simple time domain pulse moving average is used preferably over bandpass filtering. The moving average window approaching about 1/10 the scan length is commonly used. Editing of the radargram signal for the 0ns employs a user defined threshold on the initial pulse or a search for the peak of the first pulse. The threshold or peak sample detected is then backed up a set number of samples to indicate the rise of the initial pulse. Spectral whitening with a sharp cutoff on the high and low frequencies is used. In our application of spectral whitening, the amplitudes of all the frequencies between the low and high bandpass frequency cutoffs are all set to unity before inverse FFTs are made. In our examples, un-tapered spectral curves are used.
Multi-Channel Imaging
Multi-channel imaging of a site at the Consiglio Nazionale delle Ricerche, in Rome was made at a workshop in December of 2010 with the IDS STREAM multi-channel system. The GPR configuration used a 15 channel setup where the antenna separation was 12cm. This system also has additional flexibility to use two linear arrays that are offset to provide a 6cm element separation as well. Shown in Figure 1 is a 3D fence plot showing multi-channel imaging with this equipment over a survey site at CNR. The image shows dipping stratigraphic layers. The advantages of high density lines afforded by multi-channel imaging, are that effective radargrams can be mapped in any direction and not just in the in-line direction. The antenna separation is sufficient to map and show stratigraphic 2D sections in any direction across the site. The data was collected by GeoStudi Astier in Italy, and processed using GPR-SLICE v7.0 Ground Penetrating Radar Imaging Software (www.gpr-survey.com) Multi-channel imaging at the Carnuntum site in Austria was recently made using the MALÅ MIRA 16 channel GPR system. The separation of the antennas for this equipment are 8 cm. Shown in Figure 2 is a 3D time-slice image showing destroyed Roman buildings beneath an agricultural field. The 3D volume generated was Hilbert transformed in order to better show the continuity of reflections across linear structures that have slightly different depths and overburden thickness. (Pulse imaging on the same site was completed and shows walls less clearly since the phase of the pulse changes dramatically across the subsurface walls and other linear structures). The data was collected by MALÅ Geoscience of Sweden.
The 3D Radar Geoscope system of Norway is a 31 channel system with individual antennas separated by 5cm. The system is an FMCW multi-channel system. The data are bandpassed to present typical pulse radargrams which have an optimum center frequency near 400 MHz. An earlier configuration of the equipment had 200 and 600 MHz bandpassed radargrams that were collected in alternate locations across the array. To process this multi-channel dataset every other profile was used to generate a 3D volume. This made the antenna separation 10 cm with 16 channels. Shown in Figure 3 is an image made from a Chieftain Hall archaeological grave site in Norway. A large oval like structures was imaged. This is believed to possibly be the grave site for a servant of King Olav (Barton, et al., 2009) .
The application of multi-channel imaging for bridge deck assessments is becoming a highly sought after application of GPR multi-channel systems because of the quick and thorough areal coverage with these systems. The science to exactly determine deterioration is still being researched. The quality of imaging however that can be achieved with today multi-channel systems is shown for the high frequency multi-channel system from IDS of Italy. This system supports 8 transmitters and receivers at with central frequencies in the range of 2.6 GHz. Shown in Figure 4 is a subsurface image of a bridge deck test area where two know densities of rebar were used in the construction. The high quality image with this system suggests that the high frequency channels are well balanced and can greatly assist in the research of empirical and theoretical assessment of bridge deck deterioration. 
Conclusions
Subsurface imaging with multi-channel GPR provides the most efficient method for surveying sites that can accommodate large radar systems. The speed with which data can be collected, the density of sampling of the ground, along with the high quality and similarity of antenna channels bodes for increased usage of multi-channel systems in the future for all subsurface imaging disciplines.
